In the budding yeast S. cerevisiae , Swe1 delays the onset of mitosis by phosphorylation and inactivation of the cyclin-dependent kinase Cdc28, thereby relaying the morphogenetic signal to the cell cycle. Hsl1/Nik1, Kcc4 and Gin4 are structurally homologous protein kinases that localize to the bud neck and negatively regulate Swe1 by phosphorylation. We report here that Kcc4 and Gin4 have partially overlapping but essentially distinct cellular functions. Deletion of KCC4 had a similar effect to GIN4 deletion, causing moderate defects in bud formation at stationary phase; overexpression of Kcc4 inhibited cell growth. KCC4 showed functional interaction with GIN4 in cdc28 mutants, and both Kcc4 and Gin4 proteins physically interacted with Swe1 in vitro . However, unlike gin4 ∆ cells, kcc4 ∆ cells were not elongated but multi-budded at stationary phase, and showed resistance to 0.04% SDS and 0.003% calcofluor white. In light of the observation that Kcc4 and Gin4 specifically associate with distinct septin proteins, we propose that the observed functional distinction between Kcc4 and Gin4 is due to differences in septin association partners.
INTRODUCTION
In the budding yeast S. cerevisiae , one of the most conspicuous cell cycle events is a periodic switch in the pattern of bud growth, which is also regulated by Cdc28 (a Cdc2-related kinase) and mitosis-specific cyclins. At the start of cell division, a new daughter cell emerges from the mother cell as a bud. The process of bud growth can be divided into two successive stages. Cell growth in the first stage, which includes bud emergence and apical bud growth, is restricted to the bud tip, while the second stage involves a switch to isotropic bud growth, during which the bud grows over its entire surface and assumes a more rounded morphology (Lew, 2000) . Bud growth is coordinated with cell cycle regulation: the G1 cyclins (Cln1 and Cln2) trigger bud emergence and apical bud growth whereas G2 cyclins (Clb1 and Clb2) control the switch from apical to isotropic bud growth (Altman and Kellogg, 1997) . Both of these regulatory events in bud growth are mediated by activation of Cdc28. Cells deficient in Clb function fail to switch bud growth from apical to isotropic, and continue polarized bud growth during mitosis, giving rise to anomalously elongated buds (Lew, 2000) .
The correct order of cell cycle phases is maintained by making later events dependent on the completion of earlier events. This regulation is effected by specific cellular mechanisms called checkpoints (Hartwell and Weinert, 1989) . The morphogenesis checkpoint monitors cytoplasmic events and delays the entry into mitosis in response to perturbations of cell polarity that prevent bud formation until actin can repolarize and complete bud construction (Lew, 2000) . The timing of entry into mitosis is controlled by the balance between the activity of inhibitory Swe1 (a Wee1-related kinase) that phosphorylates the cyclin-dependent kinase Cdc28 and the opposing effect of Mih1 (Cdc25-related phosphatase) that also acts on Cdc28. Perturbation of actin organization prevents Swe1 degradation, and the resulting accumulation of Swe1 causes cell cycle delay in G2 (Kaiser et al., 1998; Sia et al., 1998) . A similar G2 delay can be triggered by disruption of actin organization, suggesting that this checkEdited by Hideo Shinagawa * Corresponding author. E-mail: hnojima@biken.osaka-u.ac.jp point directly monitors actin organization (McMillan et al. 1998; Harrison et al., 2001 ). The polarity establishment protein Bem2, a Rho-GTPase activating protein (GAP) that acts on Rho1 and Cdc42 defines a pathway in the morphogenesis (McMillan et al., 1999) .
Swe1 is stable during G1, accumulates to a peak during the S/G2 phases, then becomes unstable and is rapidly degraded. Swe1 degradation involves the relocalization of Swe1 from the nucleus to the mother-bud neck, and this bud neck localization of Swe1 and its degradation require Hsl1 and its association partner Hsl7, a presumptive protein-arginine methyltransferase (Longtine et al., 2000; McMillan et al., 2002) . Swe1 is negatively regulated by the protein kinase Hsl1/Nik1 (Ma and Grunstein, 1996; Tanaka and Nojima, 1996) , a Nim1-related kinase, and formation of Hsl1-Hsl7-Swe1 complex at the bud neck continues a checkpoint that monitors septin assembly (Longtine et al., 2000; Cid et al., 2001) . Phosphorylation and inactivation of Cdc28 by Swe1 is not essential for the morphogenesis checkpoint (McMillan et al., 1999) . Actually, mutation of the Swe1 phosphorylation site on Cdc28 (Y19) does not fully eliminate the Swe1-dependent cell cycle delay, suggesting that Swe1 may have functions independent of Cdc28 phosphorylation (Alexander et al., 2001) . Moreover, cyclin/Cdc28 does not influence Swe1 neck targeting, but can directly phosphorylate Swe1, suggesting that it acts downstream of neck targeting in the Swe1 degradation pathway .
Two additional Hsl1-related kinases, Kcc4 and Gin4, act redundantly with Hsl1 to negatively regulate Swe1, and both of these protein kinases also localize to the bud neck in a septin-dependent manner (Okuzaki et al., 1997; Longtine et al., 1998) . During mitosis, Gin4 is specifically activated to function in a pathway to control bud growth. Members of the septin family (Faty et al., 2002) bind directly to Gin4 that are required to activate Gin4 kinase activity (Carroll et al., 2000) . Enhancement of microtubule shrinkage at the bud neck requires Hsl1 and Gin4 (Kusch et al., 2002) . Gin4 also forms a complex with Nap1 during mitosis, which requires mitotic CDK activity, and Gin4 may exert its effects on septin organization via phophorylation of the Shs1 septin (Mortensen et al., 2002) .
We previously reported that nik1/hsl1 ∆ and gin4 ∆ mutants displayed similar elongated cell shapes in a genetic background of cdc28 temperature-sensitive mutant at permissive temperatures (Okuzaki et al., 1997; Tanaka and Nojima 1996) , indicating that the abnormal cell morphology was due to failure of regulation of either septin organization or the switch from apical to isotropic bud growth via Cdc28 regulation. KCC4 is highly homologous to GIN4 and HSL1 , but not much is known about the function of Kcc4 except that it is a bud-neck protein, it regulates Swe1, it associates with septin proteins (Okuzaki and Nojima, 2001 ) and the hsl ∆ gin4 ∆ kcc4 ∆ strain displays an elongated cell shape (Barral et al., 1999) . We report here a detailed analysis of KCC4 , demonstrating that Kcc4 shares partially overlapping but essentially distinct functions with Gin4.
MATERIALS AND METHODS
Yeast strains and Media. Standard methods were used for growth, transformation and genetic manipulation of S. cerevisiae cells (Guthrie and Fink, 1991) . Yeast transformations were performed by the lithium acetate method (Ito et al., 1983) . The yeast strains used in this study are listed in Table 1 . Rich medium (YPD) consisted of 1% yeast extract, 2% bacto-peptone and 2% dextrose. The synthetic complete media SD, S-Raff and S-Raff+Gal contained 2% dextrose, raffinose, and raffinose plus galactose, respectively. Induction of gene expression in yeast cells carrying plasmids with GAL promoters was carried out by growth in S-Raff medium to an OD 600nm of 0.2-0.4, followed by the addition of galactose to a final concentration of 2% and culture for a further 3 hrs at 28 ° C.
Flow cytometry. Approximately 10
7 yeast cells, growing exponentially or in stationary phase, were collected by centrifugation, suspended in 0.2 M Tris-HCl (pH 7.5) and fixed with 70% (v/v) ethanol at 4 ° C. In each experiment, 2 × 10 4 cells were analyzed by FACS according to procedures described previously (Tanaka and Nojima, 1996) .
KCC4 (YCL024W) gene disruptions.
A 4.5-kb Xba I fragment containing most of the KCC4 ( YCL024W ) gene was subcloned into the Xba I site of pBluescript KS (+) II (Stratagene, La Jolla, CA). The resulting plasmid was cleaved with Hin dIII and Eco RI within the coding region of KCC4 , and the ends of the plasmid were filled in using the Klenow fragment of Escherichia coli DNA polymerase I. A 1.4-kb DNA fragment containing the ARS1-TRP1 gene was then ligated into the blunt-ended vector, and the resulting plasmid containing the mutant allele ( kcc4 ∆ ::ARS1-TRP1 ) was linearized by digestion with Mlu I and Bcl I and used to transform haploid yeast strains. Southern blot analysis of the genomic DNA of the yeast transformants was used to verify substitution at the genomic locus.
Preparation of KCC4 expression constructs. A 4.5kb
Xba I genomic DNA fragment containing most of the KCC4 ( YCL024W ) gene was subcloned into the Xba I sites of the pBluescript KS (+) II, pYCplac22 and pYEp112 vectors (Gietz and Sugino, 1988; Fig. 2B) . To express Kcc4 under the GAL1 promoter, a DNA fragment containing the open reading frame (ORF) of Kcc4 was generated by PCR with LA-Taq DNA polymerase (TaKaRa, Japan) using the oligonucleotides 5'-CGGCGCGCCTATGGCAA TCAATGG TAACAG-3' and 5'-ATAGTTTAGCGGCCGC-CTATTTTTGTAGAACGCCTT-3' as forward (5') and reverse (3') primers, respectively, and KCC4 genomic DNA as a template ( Asc I and Not I sites in the primers are underlined). A DNA fragment containing the entire KCC4 coding sequence with no PCR-induced nucleotide changes was selected by DNA sequencing. This DNA fragment was inserted into the Asc I and Not I sites of the pSY3B, pSYF3B and pSYM2 vectors (Okuzaki et al., 1997; Tanaka and Nojima, 1996) and the resulting constructs were used to express KCC4 in S. cerevisia e cells (CB001, CB018, BJ3501 strains) as described previously (Okuzaki et al., 1997) . Next, the Bgl II-Not I C-terminal fragment of the KCC4 gene was replaced with a Bgl II-Xho I KCC4 genomic DNA fragment. Note that an Xho I site is included outside the Not I site in the multicloning site of SY vectors. The Asc I-Xho I fragment containing the resulting KCC4 construct was then inserted into the pSY3B (Fig. 1C) , pSYF3B ( Fig. 4A ) and pSYM2 ( Fig. 4B ) vectors in order to express Kcc4 protein tagged with the FLAG (pSYF3B) or without an epitope tag (pSY3B).
Preparation of GST-Swe1 fusion protein.
To express glutathione S-transferase (GST)-tagged fusion proteins in S. cerevisiae cells, we constructed a galactose-inducible expression vector as follows. A DNA fragment containing the GST open reading frame was generated by PCR using the oligonucleotides 5'-TTTTCCCCAAGCTTAT-GTCCCCTATACTAGGTTA-3' and 5'-TATAGGCGCGC-CGGATCCACGCGGAACCAGATC-3' as forward and reverse primers, respectively, and pGEX4T-2 vector as a template ( Hin dIII and Asc I+ Bam HI sites in the primers are underlined). This DNA fragment was inserted into the Hin dIII and Asc I sites of the pSY3B vector to yield pSYG3. To express GST-Swe1, the DNA fragment containing the open reading frames of Swe1 was generated by PCR with genomic DNA as a template and cloned into pSYG3. The SWE1 ORF was amplified using the oligonucleotides 5'-CGGCGCGCCTATGAGTTCTTT-GGACGAGGA-3' and 5'-ATC TCGAGGCGGCCGCTCAT-CTAAAAAATTTTGGCT-3' as forward and reverse primers, respectively ( Asc I and Not I sites in the primers are underlined). These DNA fragments were inserted into the Asc I and Not I sites of pSYG3 to yield pSYG3-SWE1 .
GST pull-down experiment. Cells transfected with various plasmids (Fig. 6) were collected, pelleted, washed once with H 2 O, and rapidly frozen in liquid nitrogen. Pellets were resuspended in 3 volumes of lysis buffer (20 mM Tris-HCl (pH7.5), 100 mM NaCl, 10 mM MgCl 2 , 1 mM EDTA, 1 mM sodium orthovanadate, 1 mM dithiothreitol (DTT), 0.1% TritonX-100, 40 mM β -glycerophosphate, 15 mM P-NO 2 -phenylphosphate, 1 µ g/ml leupeptin, 3 µ g/ml pepstatin, 5 µ g/ml aprotinin and 100 µg/ml PMSF) and lysed by vortexing with acid-washed glass beads (0.5 ml) until most of the cells were disrupted as determined by examination under a light microscope. The lysate was centrifuged for 15 min at 15,000 rpm and the supernatant was divided into aliquots and stored in liquid nitrogen. Protein concentrations were determined with a commercial protein assay kit (Bio-Rad, Hercules, CA). Lysate containing 1mg total protein was incubated with 50 µl of glutathione (GSH)-sepharose beads at 4°C overnight. The beads were then pelleted by centrifugation, washed three times with lysis buffer and heated for 5 min at 100°C in electrophoresis sample buffer. The proteins released from the beads were resolved by electrophoresis on 6% or 10% polyacrylamide gels in the presence of sodium dodecyl sulfate (SDS). Western analysis was performed as described previously (Tanaka and Nojima 1996) .
RESULTS
Kcc4 is structurally homologous to Gin4. We and other groups have shown that neither HSL1/NIK1 (Ma and Grunstein, 1996; Tanaka and Nojima, 1996) nor GIN4 (Longtine et al., 1997; Okuzaki et al., 1997 ) is essential for growth. Moreover, the hsl1∆ gin4∆ double mutant is viable and displays only a mildly elongated phenotype (Okuzaki et al., 1997) . We reasoned that this might be due to the existence of a third HSL1/GIN4-like gene in the yeast genome and at least some functional overlap among the three genes. Searching the entire genome of S. cerevisiae (Mewes et al., 1997) identified a gene named KCC4 (YCL024W), which encodes a putative Ser/Thr protein kinase of 1,037 amino acids. Kcc4, Gin4 and Hsl1 all have a kinase domain in their N-terminal regions and long C-terminal extensions (Fig. 1A ), but overall amino acid sequence similarity is highest between Kcc4 and Gin4, as has been noted in earlier reports (Hunter and Plowman, 1997; Longtine et al., 1998) . These observations suggest that Kcc4 and Gin4 might play similar roles in cellular function.
kcc4∆ cells displayed moderate changes in bud formation in stationary phase. As a first step in probing the function of Kcc4, we created a KCC4 null allele (Table 1) by one-step gene replacement (Rothstein, 1983) . The successful deletion of the gene was confirmed by Southern blot analysis (Fig. 1B ). Consistent with a previous report (Longtine et al., 1998) , we found that not only kcc4∆ mutants but also kcc4∆ gin4∆ double mutant cells were viable and showed no gross differences from the wild-type in cell morphology, growth rate, DNA content as determined by fluorescence-activated cell sorting (FACS) analysis or temperature sensitivity (28-37°C) (data not shown). In contrast to disruption of HSL1 or GIN4, which resulted in elongated cell shapes when the cells entered stationary phase, a single deletion of the KCC4 gene caused no such elongation of cell shape (data not shown). Microscopic examination of cells treated with the DNA-specific dye DAPI (4',6-diamidino-2-phenylindole) also revealed no conspicuous differences between kcc4∆ and wild-type cells (data not shown). However, when kcc4∆ cells reached stationary phase, an increase in the proportion of cells with more than two buds was noted. When cells were observed under a microscope after growth at a high cell density (more than 2.0 × 10 8 cell/ml) at 28°C for 2 days, we found that about 25% of kcc4∆ cells displayed a multi-budded cell shape (Fig. 1C ). gin4∆ cells did not display a similar phenotype under the same conditions. Moreover, cumulative disruption of the GIN4 gene in the kcc4∆ cells suppressed this phenotype. We next observed the morphology of these mutants during a time course extending from log phase to stationary phase. The proportion of unbudded wild-type and gin4∆ cells increased as cells approached stationary phase, but kcc4∆ cells displayed a high proportion of budded cells even after they reached stationary phase. This phenotype was also suppressed by additional deletion of GIN4 in the kcc4∆ genetic background. Since cells were sonicated immediately prior to microscopic observation in order to avoid cell aggregation and ensure accurate observation of budding, these results suggest that Kcc4 plays a role in bud formation, and that Gin4 lacks this function.
Overexpression of Kcc4 inhibited cell growth. We have previously reported that overexpression of GIN4 inhibited cell growth and caused unregulated cytokinesis (Okuzaki et al., 1997) . To examine the effect of overex- The kcc4∆ cells displayed a high proportion of budded cells even at stationary phase, whereas the proportion of cells with buds decreased as wild-type (wt), gin4∆ or kcc4∆ gin4∆ cells approached stationary phase. Cells were incubated in YPD medium at 28°C, and more than 200 cells at the log and stationary phases were observed and counted under a microscope for each strain.
pression of KCC4, we constructed a kcc4∆ yeast strain carrying a plasmid from which KCC4 could be expressed under the control of the galactose-inducible GAL1 promoter (Johnston and Davis, 1984) . Cell morphology was examined by microscopy following overexpression of fulllength KCC4 in kcc4∆ cells and plating on synthetic medium S-Gaff containing 2% galactose; kcc4∆ cells carrying empty parental GAL1 vector were used as a control. Overexpression of Kcc4 resulted in a weak growth inhibition similar to that induced by Gin4 overexpression. Cells overexpressing Kcc4 formed smaller colonies on SD S-Gaff containing 2% galactose plates than kcc4∆ cells carrying vector alone ( Fig. 2A) . Cell morphology was also affected, with an abnormal elongated bud shape detectable by microscopy 3 h after induction with galactose (Fig. 2B ). This morphology is similar to that which results from Gin4 overexpression (Okuzaki et al., 1997) and is also reminiscent of the phenotype reported for clb1∆ clb3∆ clb4∆ cells carrying a GAL1:CLB2 construct, in which an elongated bud shape is due to uncontrolled apical/isotropic switching (Altman and Kellog, 1997) . DAPI staining showed that the nucleus was localized at the bud neck and the replicated nuclei were distributed equally to both mother and daughter cells, indicating normal nuclear segregation.
Non-periodic transcription of KCC4. We have previously shown that the HSL1 and GIN4 genes contain promoter elements called MluI cell cycle boxes (MCBs) in their 5' upstream regulatory regions; HSL1 contains three, and GIN4 contains two MCBs. The MCB element is found in many other genes involved in S phase control or regulation of bud emergence, and is known to be a tar- Fig. 2 . Overexpression of Kcc4 caused moderate growth inhibition. (A) kcc4∆ cells overexpressing KCC4 formed smaller colonies than cells carrying pSY3B vector alone. Yeast cells were streaked on synthetic raffinose plates and incubated for 3 days at 28°C in the presence of 2% galactose to induce expression of KCC4 under the control of the GAL1 promoter. (B) KCC4 overexpression caused elongation of the buds. Differential interference contrast (DIC) and DAPI-stained images of kcc4∆ cells overexpressing KCC4 or carrying vector alone. Cells at mid-log phase (time=0) were incubated at 28°C in synthetic raffinose medium in the presence (+) or absence (-) of 2% galactose for 3 hrs, collected, fixed with 70% ethanol, stained with DAPI and observed under a microscope. Fig. 3 . KCC4 mRNA levels fluctuate during the cell cycle. Yeast cells were synchronized at G1 phase by addition of α-factor and released into fresh YPD medium without α-factor at 28°C. The periodic or constitutive transcription profiles of GIN4, HSL1, TRT1 and H2A are shown in parallel as controls. The mRNA levels were detected using 32 P-labeled cDNA probes for each gene. Ethidium bromide staining was used as a loading control.
get for the transcription factor that allows periodic transcription of target genes with peak expression at the G1/ S boundary (Igual et al., 1996) . Northern analysis revealed a periodic pattern with a G1/S peak in the mRNA levels of both HSL1 and GIN4 (Tanaka and Nojima, 1996; Okuzaki et al., 1997) Only one conserved MCB motif (ACGCGTAA at nucleotide position -166) is found in the 5' upstream region of the KCC4 gene (Fig. 1A) . To determine whether, like GIN4 and HSL1, KCC4 is transcribed in a periodic fashion during the cell cycle, we examined KCC4 transcription by northern blot analysis using RNA extracted from wildtype yeast cells (K1169 strain) synchronized using α factor. The proportion of cells with buds was estimated by counting budded cells under a microscope (data not shown). We also used H2A and TRT1 probes as molecular measures to assess the degree of synchrony. H2A is cyclically transcribed and its transcription peaks in mid S-phase, whereas the adjacent Protein 1 gene TRT1 is constitutively expressed (Okuzaki et al., 1997) . As shown in Fig. 3 , the KCC4 gene region was transcribed into 3.4 kb and 2.0 kb messages as judged by northern blot analysis with the 32 P-labeled cDNA insert of KCC4 as a probe. Since the KCC4 ORF extends to 3.1 kb, we assumed that the 3.4-kb band represented a bona fide transcript from the KCC4 gene. Since no long ORF other than that encoding Gin4 has been detected in this region of the genome, the physiological significance of the 2.0 kb transcript remains to be determined. The 3.4 kb transcript showed a broad peak from 80 to 150 min, but the putative oscillation pattern is quite distinct from those of GIN4 and HSL1, and is independent of the cell cycle. (A) Deletion of KCC4 or GIN4 in the cdc28-4 mutant slightly lowered the restrictive temperature of the cdc28-4 strain, whereas deletion of both KCC4 and GIN4 markedly lowered the restrictive temperature. (B) Histograms of DNA obtained by FACS analysis of the mutant cells incubated at 28°C. The horizontal axis represents the intensity of fluorescence generated by intercalated propidium iodide and the vertical axis indicates cell numbers. A total of 2 × 10 4 cells were analyzed in each experiment. The abnormality of the DNA content of the cdc28-4 gin4∆ double mutant was exacerbated by simultaneous deletion of KCC4. (C) Cell morphology and nuclear distribution were almost normal in kcc4∆ or cdc28-4 mutants at the permissive temperature (28°C), whereas those of cdc28-4 gin4∆ and cdc28-4 kcc4∆ gin4∆ mutants were abnormal even at the permissive temperature (28°C), showing elongated buds with unevenly separated nuclei. In the cdc28-4 kcc4∆ gin4∆ mutant cells, the nuclei were fragmented, reflecting the flattened FACS pattern. Cells were collected at log-phase. (D) Exogenous expression of KCC4 in either a low copy (CEN) or a high copy (2µ ) vector did not suppress the temperature sensitivity (36°C) of cdc28-4 gin4∆ double mutant cells. Suppression of this phenotype by overexpression of GIN4 was demonstrated as positive controls.
These results indicate that the expression pattern of KCC4 differs from those of GIN4 and HSL1, and suggest that Kcc4 is not directly involved in cell cycle control.
KCC4 genetically interacts with GIN4 in cdc28 mutants. We have previously reported that both GIN4 (Okuzaki et al., 1997) and NIK1/HSL1 (Tanaka and Nojima, 1996) gene products interact with Cdc28. The existence of one potential Cdc28 kinase target site in its C-terminal region suggested that Kcc4 might also interact with Cdc28. To test this possibility, we constructed and analyzed single-deletion kcc4∆ or gin4∆ mutants and a double-deletion kcc4∆ gin4∆ mutant in the cdc28-4 temperature sensitive strain, in which cell cycle is arrested in G1 phase at the restrictive temperature. Single deletion of KCC4 or GIN4 caused only slight changes in temperature sensitivity, but the deletion of both KCC4 and GIN4 markedly lowered the restrictive temperature for the growth of the cdc28-4 mutant (Fig. 4A ). FACS analysis of these mutant cells growing at the permissive temperature showed that cdc28-4 kcc4∆ and cdc28-4 cells were almost indistinguishable from wild-type cells in both logarithmic growth and stationary phases, whereas the FACS pattern of cdc28-4 gin4∆ cells in the logarithmic phase of growth displayed a broad distribution of DNA content, which returned to normal in the stationary phase (Fig. 4B) . Moreover, cdc28-4 kcc4∆ gin4∆ triple mutant cells displayed anomalously flattened FACS patterns in both logarithmic growth and stationary phases, although the cells are viable. This is probably due to the improper distribution of DNA in almost all of the cells because cytokinasis is abnormal.
Microscopic observation of these mutant cells revealed moderately abnormal cell shapes with elongated buds in cdc28-4 gin4∆ cells and more markedly abnormal multibudded, branched and elongated morphology in cdc28-4 kcc4∆ gin4∆ triple mutant cells, whereas the cell shapes of cdc28-4 kcc4∆ and cdc28-4 cells were almost normal (Fig. 4C) . DAPI staining showed that DNA was unequally distributed between mother and daughter cells during budding in the cdc28-4 kcc4∆ gin4∆ triple mutant, indicating disrupted regulation of both cytokinesis and nuclear division. These abnormalities in cell shape and DNA distribution seems to underlie the abnormally broad distribution of DNA content observed in FACS analysis. From these results, we conclude that there is a functional relationship between KCC4 and GIN4, and that Cdc28 mediates this interaction.
We next examined whether the moderate increase in the temperature sensitivity of cdc28-4 gin4∆ cells as compared to cdc28-4 cells was suppressed by exogenous expression of KCC4. Expression of GIN4 in cdc28-4 gin4∆ cells using a high copy number 2µ vector or low copy number CEN vector suppressed this effect (Fig.  4D) . In contrast, expression of KCC4 from either the CEN vector or the 2µ vectors did not suppress the increased temperature sensitivity of cdc28-4 gin4∆ cells. This result indicates that Gin4 and Kcc4 carry out distinct functions in association with Cdc28.
GIN4 genetically interacts with SWE1. We have previously shown that cumulative deletion of GIN4 or HSL1/ NIK1 in cdc28-13 and cdc28-4 temperature-sensitive mutants, lowered the restrictive temperature and caused elongation of buds and aberrant distribution of DNA content even at permissive temperatures, relative to the cdc28 mutation alone (Okuzaki et al., 1997; Tanaka and Nojima, 1996) . These phenotypes were suppressed by cumulative deletion of SWE1 (Ma and Grunstein, 1996) . To examine whether the abnormal phenotypes shown in Fig. 4 were also suppressed by cumulative deletion of SWE1, we constructed cdc28-13 gin4∆ swe1∆ and cdc28-4 gin4∆ swe1∆ mutant strains. We did not test the cdc28-4 kcc4∆ mutant, since its phenotype was almost indistinguishable from that of the cdc28-4 mutant. As shown in Table 2 , deletion of SWE1 had no effect on the restrictive temperature in the cdc28-4 or cdc28-13 mutants, whereas deletion of HSL1 dramatically lowered the restrictive temperature of the cdc28-4 mutant. However, both the cdc28-4 and cdc28-13 phenotypes were suppressed by additional deletion of SWE1. As expected, cumulative deletion of SWE1 from the cdc28-13 gin4∆ strain almost completely suppressed the lowering of the restrictive temperature (Table 2 ). In addition, FACS analysis indicated that the broad distribution of DNA content in cdc28-13 gin4∆ cells reverted to a wild-type pattern in cdc28-13 gin4∆ swe1∆ cells (Fig. 5A) . Microscopic observation also showed that the abnormal morphology of cdc28-13 gin4∆ cells returned almost to normal in cdc28-13 gin4∆ swe1∆ cells (Fig. 5B) . These results indicate that cumulative disruption of SWE1 suppressed the phenotypes caused by deletion of GIN4, suggesting that the inhibitory activity of Swe1 on Cdc28 is counteracted by the activity of Hsl1, Gin4, and Kcc4 proteins during the cell cycle in S. cerevisiae.
Kcc4 forms a complex with Swe1. We have previously shown that Gin4 physically interacts with both Cdc28 and Hsl1, indicating that these proteins are likely to function in close proximity within cells (Okuzaki et al., 1997) . Other groups have shown that Hsl1 interacts with Swe1 (Shulewitz et al., 1999) . To determine whether or not Kcc4 physically interact with Swe1, we prepared separate plasmid constructs carrying N-terminally FLAG-tagged Kcc4, or Swe1 as a fusion protein with GST at its N-terminus, under the control of the GAL1 promoter. Following transfection into yeast cells (BJ3501 strain), expression of fusion proteins from these plasmids was induced by the addition of galactose to the medium. Extracts from E. coli cells or yeast cells were analyzed by western blotting using anti-GST antibody or anti-FLAG antibody to confirm the expression of GSTSwe1 or FLAG-Kcc4 fusion proteins, respectively (data not shown). When GSH-Sepharose beads were incubated with lysates of cells expressing GST-Swe1 fusion protein, washed, and then mixed with lysates of cells expressing FLAG-Kcc4 protein, a protein of 140 kDa (the predicted size of FLAG-Kcc4) co-precipitated with the beads and was detected by western analysis using anti-FLAG monoclonal antibody as a probe (Fig. 6-i, lane 4) . Under the same conditions, no such band was detected in lysates of cells transfected with empty parent vector in place of the Kcc4 construct (Fig. 6-i, lanes 1-3) . The authenticity of the bands for GST-Swe1 (140-kDa) and Cell morphology and nuclear distribution of mutant strains. The abnormal phenotype of cdc28-13 gin4∆ mutant strain, including elongated buds and unevenly distributed nuclei, was almost completely suppressed by cumulative deletion of SWE1. Cells of each stain were grown to log phase in YPD medium at 28°C, and the cells were fixed with 70% ethanol and stained with propidium iodide or DAPI. Fig. 6 . Association of Kcc4 with the Swe1 complex in vitro. Yeast lysates were prepared from strains carrying the FLAG vector (Fv) or the FLAG-Kcc4 (FKc) construct. Equal amount of the lysates were taken, and subsequently mixed with glutathione-Sepharose 4B beads to which either glutathione-S-transferase (Gv) or GST-Swe1 fusion protein had (GSw) been pre-adsorbed. The proteins that coprecipitated with the beads and the proteins retained in the supernatant were analyzed by western blotting using anti-FLAG (i) and anti-GST (ii and iii) monoclonal antibodies. Fig. 7 . kcc4∆ cells are resistant to SDS, whereas gin4∆ cells are sensitive to calcofluor white (CW). Cells were streaked onto YPD plates containing 0.04% SDS (A) or 0.003% CW (B) and incubated for 3 days at 28°C.
GST (28 kDa) was confirmed by western blotting using anti-GST antibody . These results suggest that Kcc4 physically interacts with Swe1.
kcc4∆ cells are resistant to SDS and calcofluor white. The results presented above suggest that Kcc4 and Gin4 are localized at the bud neck and are involved in regulation of bud growth during the cell cycle by interaction with the septin complex and Swe1. In budding yeast, bud growth is controlled by cell wall synthesis genes such as the chitin synthase genes (CHS1, 2, 3, 5 and 6) . Deletion of these genes causes altered sensitivity to SDS or the fluorescent dye calcofluor white (CW). To examine the possible involvement of Kcc4 or Gin4 in the regulation of cell wall synthesis, we tested the sensitivity of kcc4∆, gin4∆ and kcc4∆ gin4∆ cells to SDS, CW. As shown in Fig. 7A , kcc4∆ cells displayed remarkable resistance to 0.04% SDS, whereas gin4∆ cells are more sensitive to this concentration of SDS than wild type cells. Double disruptant (kcc4∆ gin4∆) cells were equally resistant, indicating that Gin4 is not involved in the mechanism by which Kcc4 functions as a regulator of cell wall synthesis. On the other hand, gin4∆ cells displayed a marked sensitivity to 0.003% CW, and the double disruptant (kcc4∆ gin4∆) cells were as sensitive to CW as gin4∆ cells (Fig.  7B ), indicating that Gin4 plays a specific cellular role relating to CW sensitivity in which Kcc4 is not involved. It is notable that the sensitivity of hsl1∆ cells to SDS was similar to that of wild-type cells, but cumulative deletion of SWE1 resulted in resistance to 0.02% SDS (Table 3) , suggesting a moderate involvement of Hsl1 or Swe1 in this phenotype. Lowered resistance to SDS in the kcc4∆ hsl1∆ cells suggested a weak interaction between KCC4 and HSL1 in this phenotype. (Table 3 ) No growth inhibition was observed in response to NaCl, KCl or sorbitol at any of the concentrations tested (data not shown). These results indicate that Kcc4 plays a role in cell wall synthesis, which is distinct from any function(s) it shares with Gin4.
DISCUSSION
Kcc4 is a structural and functional homologue of Gin4. Kcc4 and Gin4 share significant homology, showing 45% overall amino acid identity and 76% identity over the Ser/Thr kinase domains (Hunter and Plowman, 1997; Longtine et al., 1998) ; in addition, the location of the kinase domain near the edge of the molecule is also very similar in these two proteins (Fig. 1A) . Both kcc4∆ and kcc4∆ gin4∆ cells were viable with no conspicuous abnormalities in cell morphology, growth rate or DNA content. Both KCC4 and GIN4 inhibit cell growth when overexpressed (Fig. 2) and contain MCB motifs in their 5' regulatory regions (Fig. 1A ). Both Kcc4 (Fig. 1C , Barral et al., 1999) and Gin4 (Longtine et al., 1998; Okuzaki et al., 1997) proteins localize to the bud neck, forming a complex with components of the septin ring. In light of their bud-neck localization and potential involvement in cell wall synthesis (Fig. 7) , KCC4 and GIN4 genes appear likely to be regulators of bud emergence. KCC4 and GIN4 genes seem to share similar functions in the transmission of the morphogenesis signal to CDC28, since they both interact with CDC28, and the genetic interaction between KCC4 and GIN4 becomes apparent in the genetic background of temperature-sensitive cdc28 mutants (Fig.  4) . Thus, Kcc4 and Gin4 show many redundant functions; this is not surprising in view of their sequence and structural similarity, and is consistent with previous reports (Barral et al. 1999 ).
Kcc4 and Gin4 carry out distinct functions. Although the overall structures of Kcc4 and Gin4 are similar, the amino acid sequences of the nonkinase regions are less homologous. The differences in these regions may reflect the distinct functions carried out by these two protein kinases through interaction with distinct proteins. As we reported previously (Okuzaki and Nojima, 2001) , two-hybrid analysis showed that Kcc4 interacts with a septin component, Cdc11, primarily through a putative growth-inhibitory domain (Okuzaki et al., 1997 ). In contrast, Gin4 has been shown to interact with a different septin component, Cdc3 (Longtine et al., 1998) . It is of note that a potential phosphorylation target site for Cdc28 kinase is present in the septin-interacting region of Kcc4. This suggests that Cdc28 may phosphorylate Kcc4 and regulate the function of Kcc4 in the bud neck complex.
Although gin4∆ cells displayed elongated shapes upon reaching stationary phase, kcc4∆ cells did not show such a phenotype. Instead, kcc4∆ cells showed a multi-budded cell shape at stationary phase, and this phenotype was suppressed by cumulative disruption of GIN4 (Fig. 
). As they approached stationary phase, kcc4∆ cells retained a relatively high proportion of budded cells, whereas such cells disappeared in wild type and gin4∆ cells (Fig. 1D ). This phenotype also disappeared in the kcc4∆ gin4∆ double mutant. These results suggest that Kcc4 is more closely involved in the regulation of bud emergence than Gin4. Thus, Kcc4 and Gin4 appear to have distinct functions with respect to cell morphology and bud formation. This difference in function is probably due to differences in septin association partners (see below).
Genetical interaction of KCC4 with CDC28. In a previous report, we showed that cumulative deletion of GIN4 or HSL1/NIK1 in the genetic background of cdc28 temperature-sensitive mutations lowered the restrictive temperature and caused elongation of buds and aberrant distribution of DNA content even at a permissive temperature, relative to the cdc28 mutations alone (Okuzaki et al., 1997; Tanaka and Nojima, 1996) . HSL1 deletion caused a more markedly altered phenotype than GIN4 deletion (Table 2 ). This indicates that these cells are eventually able to overcome the cell cycle arrest and replicate their DNA, since Gin4 and Hsl1 are required to form an active Cdc28 complex (Okuzaki et al., 1997; Tanaka and Nojima, 1996) . It seems likely that the cells eventually attempt to undergo cytokinesis after a long delay, but fail to carry out cytokinesis properly. We demonstrate here that deletion of KCC4 alone in the cdc28-4 mutant background had no obvious effect except for slightly increased temperature sensitivity relative to the cdc28-4 mutation alone (Fig. 4A) , suggesting that genetic interaction between KCC4 and CDC28 is slight or nonexistent. Nonetheless, deletion of KCC4 in the cdc28-4 gin4∆ double mutant displayed much increase in the temperature sensitivity and an aberrant distribution of DNA content relative to the cdc28-4 gin4∆ double mutant (Fig. 4B) , suggesting interaction between KCC4 and CDC28 or GIN4. Furthermore, the cdc28-4 kcc4∆ gin4∆ triple mutant displayed highly elongated and multinucleate buds at a permissive temperature (data not shown), and high copy number expression of KCC4 in the cdc28-4 gin4∆ double mutant did not suppress its phenotype (Fig. 4D) . One possibility to explain this is that the interaction between KCC4 and CDC28 is indirect, and signaling between Kcc4 and Cdc28 is mediated by Gin4 or Hsl1. Another possibility is that Gin4 has two distinct functions and Kcc4 can suppress only one of them. Detailed analysis on their physical interactions is required to demonstrate which possibility is correct.
Interaction of Kcc4 and Gin4 with Swe1. It was suggested that Gin4, Kcc4 and Hsl1 function as mitotic inducers, which negatively regulate Swe1 (Barral et al., 1999) . To clarify the Swe1 function in the absence of Gin4, we examined its role in the morphogenetic aberrance observed in cdc28-4 gin4∆ cells. It was unfortunate that, since kcc4∆ cells displayed no apparent phenotype, we could not examine genetic interaction between SWE1 and KCC4. We compared the phenotypes of cdc28-4 gin4∆ and cdc28-4 gin4∆ swe1∆ cells (Fig.  5) . Deletion of SWE1 suppressed the phenotype characterized by abnormal cell shape with elongated buds observed in cdc28-4 gin4∆ cells. The result indicates that the inhibitory activity of Swe1 on Cdc28 is counteracted by the activity of Hsl1, Gin4 and Kcc4 proteins during the cell cycle of S. cerevisiae, which is consistent with recent reports (Barral et al., 1999) . Furthermore, we could demonstrate physical interaction between Kcc4 and Swe1 using GST pull-down experiments (Fig. 6) . Thus, the phosphorylation signal cascade, which begins with Kcc4 or Gin4, appears to be linked to Cdc28 via Swe1.
Kcc4 is a bud-neck protein, which forms a complex with septins. Septins are primarily involved in cytoskeletal functions such as the formation of the cleavage apparatus at cytokinesis (Faty et al., 2002) . A septin protein, Sep7, was copurified by affinity purification using GST-Gin4 column chromatography (Carroll et al., 1998) . Hsl1, which is also localized to the bud neck, coimmunoprecipitates with another septin protein, Cdc3, and the autophosphorylation and kinase activity of Hsl1 are affected by septin mutation, indicating that Hsl1 may also be a component of the septin complex (Barral et al., 1999) . Hsl1, Gin4, Kcc4 and septins are reported to interact with one another, either directly or indirectly, and septins are mislocalized in the hsl1∆ gin4∆ kcc4∆ triple mutant (Barral et al., 1999) .
Localization of Kcc4 at the bud neck has been demonstrated by immunostaining (Barral et al., 1999) or by expression of GFP-Kcc4 fusion protein in live cells (Okuzaki and Nojima, 2001) , and suggests that Kcc4 is also a component of the septin complex. Indeed, we previously showed that Kcc4 physically interacts with septins in two-hybrid analysis, and we confirmed this association in vitro using GST-pull down experiments (Okuzaki and Nojima, 2001) . It is of note that Kcc4 associates with Cdc11 and Cdc12 through an internal domain, which shares significant structural homology with the growth-inhibitory domain of Gin4 (Okuzaki et al., 1997) . Gin4 is also reported to associate with Cdc3, but not with other septins, through its N-terminus (Longtine et al., 1998) .
We propose that this difference in septin association partners between Kcc4 and Gin4 may explain the differences in function observed between these two closely related kinases. In this model, Gin4 receives the budneck signal from Cdc3, whereas Kcc4 senses the state of septin organization through interaction with Cdc11 and Cdc12. Thus, the distinct functions of Kcc4 and Gin4 described above are reflected in the distinct roles of the septin components with which they interact. It was pointed out (Shulewitz et al., 1999 ) that formation of the septin rings may provide sites for docking of Hsl1, permitting recruitment of a bud-neck protein called Hsl7 (Ma and Grunstein, 1996) via interaction with the C-terminus of Hsl1. Then Hsl7, which also interacts with Swe1, presents its association partner Swe1 to Hsl1 for phosphorylation, thereby promoting its recognition and processing by the ubiquitination complex and subsequent destruction (McMillan et al., 1999) .
